Inflammatory cell activation by chemokines requires intracellular signaling through phosphoinositide 3-kinase (PI3-kinase) and the PI3-kinase-dependent protein serine/threonine kinase Akt. Atherosclerosis is a chronic inflammatory process driven by oxidatively modified (atherogenic) lipoproteins, chemokines, and other agonists that activate PI3-kinase. Here we show that macrophage PI3-kinase/Akt is activated by oxidized low-density lipoprotein, inflammatory chemokines, and angiotensin II. This activation is markedly reduced or absent in macrophages lacking p110␥, the catalytic subunit of class Ib PI3-kinase. We further demonstrate activation of macrophage/foam cell PI3-kinase/Akt in atherosclerotic plaques from apolipoprotein E (apoE)-null mice, which manifest an aggressive form of atherosclerosis, whereas activation of PI3-kinase/Akt was undetectable in lesions from apoE-null mice lacking p110␥ despite the presence of class Ia PI3-kinase. Moreover, plaques were significantly smaller in apoE ؊/؊ p110␥ ؊/؊ mice than in apoE ؊/؊ p110␥ ؉/؉ or apoE ؊/؊ p110␥ ؉/؊ mice at all ages studied. In marked contrast to the embryonic lethality seen in mice lacking class Ia PI3-kinase, germ-line deletion of p110␥ results in mice that exhibit normal viability, longevity, and fertility, with relatively well tolerated defects in innate immune and inflammatory responses that may play a role in diseases such as atherosclerosis and multiple sclerosis. Our results not only shed mechanistic light on inflammatory signaling during atherogenesis, but further identify p110␥ as a possible target for pharmacological intervention in the primary and secondary prevention of human atherosclerotic cardiovascular disease.
A kt regulates downstream signaling and effector molecules in the phosphoinositide 3-kinase (PI3-kinase) pathway and is activated by phosphatidylinositol (3, 4, 5)-trisphosphate (PIP 3 )-dependent phosphorylation and localization. The catalytic subunits (p110␣, p110␤, and p110␦) of class Ia PI3-kinase produce PIP 3 in response to growth factors, insulin, and other receptor tyrosine kinase agonists. p110␥, the catalytic subunit of class Ib PI3-kinase, produces PIP 3 in response to chemokines and other G protein-coupled receptor agonists (1) . Germ-line deletion of p110␣ or p110␤ results in embryonic lethality, suggesting a fundamental role in the development of class Ia PI3-kinase (2) (3) (4) (5) . In contrast, germ-line deletion of p110␥ results in mice that display normal viability, longevity, and fertility (6) (7) (8) . p110␣ and p110␤ are ubiquitous, whereas p110␥ is expressed primarily in hematopoietic cells, muscle, and the pancreas. p110␥-deficient mice display defects in responses of immune and inflammatory cells to agonists of heterotrimeric G protein-coupled receptors (6) (7) (8) . Mice lacking p110␥ display impaired neutrophil chemotaxis and respiratory burst in response to fMLP and C5a, as well as reduced thymocyte survival and activation of mature T lymphocytes (6) (7) (8) . PIP 3 production and activation of Akt are markedly reduced in p110␥ Ϫ/Ϫ neutrophils compared with wildtype neutrophils (8) . p110␥ Ϫ/Ϫ peritoneal macrophages display reduced migration toward many chemotactic factors, as well as diminished accumulation in a septic peritonitis model (8) . These studies in p110␥ Ϫ/Ϫ mice demonstrate the critical role of p110␥ in the activation of cells that participate in a wide range of inflammatory processes.
Numerous studies have established the importance of PI3-kinase in responses of macrophages, vascular smooth muscle cells, and T lymphocytes to atherogenic mediators. Oxidatively modified low-density lipoprotein (LDL), one of the most potent of such mediators, exerts multiple effects on these cell types, including induction of protein tyrosine phosphorylation and PI3-kinase activation (9) . Oxidized LDL is a survival factor for bone marrow-derived macrophages (BMDMs) in culture, inhibiting apoptosis after withdrawal of macrophage colonystimulating factor (M-CSF), whereas native and acetylated LDL have no effect on apoptosis (10) . Two specific, structurally unrelated inhibitors of PI3-kinase, LY294002 and wortmannin, block the survival-promoting effect of oxidized LDL as well as phosphorylation of Akt, a major PI3-kinase-dependent antiapoptotic mediator. In addition to having a direct effect on macrophage survival, oxidized LDL plays a priming role in macrophage proliferation in atherosclerotic lesions by triggering the release of granulocyte/M-CSF (GM-CSF) via activation of PI3-kinase and protein kinase C (PKC) (11) (12) (13) . GM-CSF release from macrophages in response to oxidized LDL induces proliferation in an autocrine or a paracrine fashion, suggesting that both the antiapoptotic and proliferative effects are PI3-kinase-dependent. Because inflammatory cell migration, proliferation, and activation require signaling through PI3-kinase, we hypothesized that, to the extent that it is driven by these processes, atherogenesis should be attenuated by blocking p110␥, a major PI3-kinase isoform in inflammatory cells.
Results
The ability of oxidized LDL and atherogenic cytokines/ chemokines to trigger PI3-kinase signaling and Akt activation in inflammatory cells is well established (11, 12, 14) . To determine whether p110␥ is the specific isoform of PI3-kinase involved in this pathway, we exposed BMDMs to these G protein-coupled receptor agonists and immunoblotted lysates with a phosphospecific antibody that recognizes activated Akt. Akt phosphorylation in response to oxidized LDL, fMLP, IL-8, MCP-1, and lysophosphatidic acid was strongly induced in wild-type macrophages, but absent or barely detectable in p110␥ Ϫ/Ϫ macrophages (Fig. 1a) . C-reactive protein, an acute-phase reactant that rises in inflammatory conditions, and C-peptide, a cleavage product of proinsulin that is elevated in type 2 diabetes mellitus, have been implicated recently as proatherogenic agents (15) (16) (17) (18) that can activate PI3-kinase (15, (18) (19) (20) . Both C-reactive protein (10 g/ml) and C-peptide (1 nM) induced PI3-kinase/Akt activation in wild-type but not in p110␥ Ϫ/Ϫ macrophages (Fig. 1a) . Angiotensin II, which elicits numerous responses in the cardiovascular system, some of which are deleterious when the reninangiotensin system is chronically hyperactivated, induced phosphorylation of Akt in a dose-dependent manner in p110␥ ϩ/ϩ but not in p110␥ Ϫ/Ϫ BMDMs (Fig. 1b) . In contrast, both p110␥
and wild-type BMDMs showed similar Akt activation in response to IGF-1 (Fig. 1a) , demonstrating that class Ia PI3-kinase is present and capable of activating Akt in p110␥-null BMDMs. Wortmannin, an inhibitor of all class I PI3-kinases, blocked Akt phosphorylation in response to all agonists tested in both wild-type and p110␥ Ϫ/Ϫ BMDMs (Fig. 1b and data not shown) . The presence or absence of apoE had no effect on PI3-kinase activation because Akt phosphorylation in response to all agonists used was similar in apoE Ϫ/Ϫ and apoE ϩ/ϩ BMDMs (data not shown). In addition, Akt activation in p110␥ ϩ/ϩ and p110␥ ϩ/Ϫ macrophages in response to all agonists tested was identical (data not shown).
Deletion of the apoE gene in mice causes marked elevation of proatherogenic lipoproteins and marked reduction of antiatherogenic high-density lipoprotein (HDL), resulting in an aggressive form of atherosclerosis (21) . We performed an analysis of atherosclerotic lesions in animals fed a standard laboratory chow diet rather than in those fed a ''Western''-type diet (rich in cholesterol and saturated fat) because feeding apoE Ϫ/Ϫ mice a Western diet is known to accelerate and exacerbate an atherosclerotic process that is already highly exuberant in apoE Ϫ/Ϫ animals fed a standard chow diet. Hence, we felt that biologically important differences in atherogenesis between apoE Ϫ/Ϫ p110␥ ϩ/ϩ and apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice would tend to be obscured if the animals were fed a Western diet.
To determine the contribution of p110␥ to atherosclerotic plaque progression, we cross-bred p110␥ Ϫ/Ϫ and apoE Ϫ/Ϫ mice. At 36 and 55 weeks, plasma total cholesterol, HDL cholesterol, non-HDL cholesterol, and triglycerides were similar among apoE Ϫ/Ϫ p110␥ ϩ/ϩ , apoE Ϫ/Ϫ p110␥ ϩ/Ϫ , and apoE
mice, although after 60 weeks there was a modest but statistically significant reduction of plasma total and non-HDL cholesterol in apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice [supporting information (SI) Table 1 ]. Most notably, atherosclerotic lesions were smaller in apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice than in age-matched apoE Ϫ/Ϫ p110␥ ϩ/ϩ or apoE Ϫ/Ϫ p110␥ ϩ/Ϫ littermates at all time points. In apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice, aortic root lesion size was reduced by 52% (P ϭ 0.0001), 32% (P ϭ 0.0400), and 36% (P ϭ 0.0385) at 35, 53, and 60 weeks of age, respectively (Fig. 2) . Reduction of lesion size, although statistically significant in older mice (53 and 60 weeks), was less than in younger mice (35 weeks) due to progression of atherosclerosis in the double knockout mice. Our hypothesis was that reduced reactivity of inflammatory cells deficient in p110␥ in response to atherogenic agonists and chemokines should result in attenuation of atherosclerosis in apoE knockout mice. p110␥ ϩ/ϩ and p110␥ ϩ/Ϫ macrophages displayed similar Akt activation in response to these agonists/ chemokines when tested in vitro. Furthermore, immunohistochemical analysis of PI3-kinase/Akt activation in aortic root lesions from apoE Ϫ/Ϫ p110␥ ϩ/ϩ and apoE Ϫ/Ϫ p110␥ ϩ/Ϫ mice yielded similar results (Figs. 3 and 4) . Therefore, in quantifying aortic root atherosclerosis, we pooled results from apoE Ϫ/Ϫ p110␥ ϩ/ϩ and apoE Ϫ/Ϫ p110␥ ϩ/Ϫ mice. The mice included in the quantitative analysis of aortic root atherosclerosis ( Fig. 2 ) were all females. Qualitatively similar results were obtained when male animals were analyzed (data not shown).
Atherosclerotic plaques in the aortic root of 35-, 53-, and 60-week-old apoE Ϫ/Ϫ p110␥ ϩ/ϩ and apoE Ϫ/Ϫ p110␥ ϩ/Ϫ mice that consumed a standard chow diet were complex and extensive, occupying most of the sinuses of Valsalva (Fig. 3) . In agematched apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice, the lesions were significantly smaller. Numerically, macrophage/foam cells were the predominant cell type within lesions of both apoE Ϫ/Ϫ p110␥ ϩ/ϩ and 
Fig. 2.
Aortic root atherosclerosis was quantified on anti-Mac-3-stained cryosections by digital histomorphometry using ImagePro Plus software. Atherosclerosis in apoE Ϫ/Ϫ p110␥ ϩ/ϩ or apoE Ϫ/Ϫ p110␥ ϩ/Ϫ mice was compared with that in apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice. At 35 weeks (n ϭ 8 for apoE Ϫ/Ϫ p110␥ ϩ/ϩ or apoE Ϫ/Ϫ p110␥ ϩ/Ϫ mice; n ϭ 12 for apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice), double knockout mice displayed 52% reduction of lesion area (P ϭ 0.0001). At 53 weeks (n ϭ 8 for apoE Ϫ/Ϫ p110␥ ϩ/Ϫ mice; n ϭ 7 for apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice), double knockout mice displayed 32% reduction of lesion area (P ϭ 0.04). At 60 weeks (n ϭ 7 for apoE Ϫ/Ϫ p110␥ ϩ/ϩ or apoE Ϫ/Ϫ p110␥ ϩ/Ϫ mice; n ϭ 8 for apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice), double knockout mice displayed 36% reduction of lesion area (P ϭ 0.0385).
Error bars represent the SE of the mean. apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice, with a relative paucity of helper T lymphocytes, as determined by staining with Mac-3 and CD4, respectively (Fig. 3 b, c, f, and g ). The fully developed lesions in apoE Ϫ/Ϫ p110␥ ϩ/ϩ and apoE Ϫ/Ϫ p110␥ ϩ/Ϫ mice ages 35 weeks and older stained strongly with the phosphospecific Akt antibody (Fig. 3h) . In striking contrast, the aortic root lesions of agematched apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice showed no detectable Akt phosphorylation (Fig. 3d) . These immunohistochemical findings correlate precisely with the results of immunoblotting by using the same phosphospecific Akt antibody on lysates of cultured macrophages stimulated with oxidized LDL or atherogenic cytokines/chemokines (Fig. 1) . In the aortic root atherosclerotic lesions, phosphoAkt staining localized primarily in macrophagerich areas of the lesions (SI Fig. 5 ), and dual immunohistochemical staining (SI Fig. 6 ) with anti-phosphoAkt and anti-Mac-3 demonstrated that the subpopulation of macrophage/foam cells residing in the areas of highest cell density display activated PI3-kinase/Akt. Compared with the number of macrophages found in aortic root lesions, very few smooth muscle cells were present in lesions stained with antismooth muscle cell ␣-actin from either apoE Ϫ/Ϫ p110␥ ϩ/ϩ or apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice (data not shown).
Numerous signaling and effector proteins are regulated by PI3-kinase/Akt-dependent serine/threonine phosphorylation. These include glycogen synthase kinase 3 (GSK3), PKC, p70
S6kinase , and FKHR (a member of the FOXO family of transcription factors), which regulate cellular energy metabolism, protein translation, and gene expression. Staining with phosphospecific antibodies against GSK3␣/␤, PKC, p70
S6kinase , FKHR, AFX-1 (another member of the FOXO family of transcription factors), and S6 ribosomal protein was seen in aortic root atherosclerotic lesions from apoE Ϫ/Ϫ p110␥ ϩ/ϩ , and also in apoE Ϫ/Ϫ p110␥ ϩ/Ϫ mice (data not shown), but not in lesions from apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice (Fig. 4) , demonstrating that not only are formation of D3-phosphorylated phosphoinositides and Akt activation absent or markedly reduced in plaque macrophages when p110␥ is absent, but also that PI3-kinase/Akt-dependent phosphorylation of downstream molecules in this pathway is abolished.
The FOXO family transcription factor FKHR is regulated by PI3-kinase/Akt (22) . FKHR and other members of the FOXO family are phosphorylated by Akt when PI3-kinase is activated, resulting in their exclusion from the nucleus (22) . We used phosphospecific and nonphosphospecific antibodies against FKHR to determine simultaneously the localization (nuclear vs. cytoplasmic) and phosphorylation state of FKHR in atherosclerotic plaque macrophage/foam cells. FKHR was phosphorylated and localized in the cytosol in plaque macrophages from apoE Ϫ/Ϫ p110␥ ϩ/ϩ mice (SI Fig. 7 a and b) , whereas it was unphosphorylated and localized in the nucleus in plaque macrophages from apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice (SI Fig. 7 c and d) , corroborating the absence of PI3-kinase/Akt activation in foam cell/macrophages of p110␥-deficient mice.
Discussion
Atherosclerosis and its sequelae, including myocardial infarction and stroke, are the leading causes of mortality and morbidity in the developed world (23) (24) (25) . Here we have demonstrated that p110␥ is required for activation of Akt in macrophages in response to oxidized LDL, atherogenic cytokines, and angiotensin II in vitro, as well as in atherosclerotic lesions of hypercholesterolemic mice in vivo. Moreover, we have shown that abrogation of Akt activation in macrophage/foam cells by germ-line deletion of the p110␥ gene correlates with the persistent reduction of plaque size. Doublemutant mice had smaller lesions with fewer Mac-3-positive cells (macrophages and macrophage-derived foam cells), but the overall density of macrophage/foam cells was similar in lesions from apoE Ϫ/Ϫ p110␥ ϩ/ϩ and apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice (data not shown). However, as shown in SI Figs. 5 and 6, the density of macrophage/ foam cells varied considerably within lesions, and PI3-kinase/Akt activation only occurred in areas of high cell density, suggesting that autocrine or paracrine stimulation of macrophage/foam cell activation and proliferation contributes to atherogenesis, a notion that is well supported in the literature (see refs. 11 and 12). These findings are consistent with a model of macrophage proliferation within atherosclerotic plaques proposed by Biwa et al. (11, 12) , wherein the initial effect of oxidized LDL may be to trigger (PKCand p110␥-dependent) synthesis and release of GM-CSF by resident macrophage/foam cells. Locally released GM-CSF then stimulates (class Ia PI3-kinase-dependent) proliferation of adjacent macrophages in an autocrine/paracrine manner. We studied the effect of p110␥ deficiency on macrophage expression of GM-CSF both in macrophage culture and in situ in frozen sections of lesions. We chose to focus on GM-CSF because this cytokine has been shown not only to be expressed by macrophages in response to atherogenic mediators such as oxidized LDL, but also to be at least partially dependent on PI3-kinase activity in macrophages. Furthermore, it has been hypothesized that macrophage-derived GM-CSF plays an important role in driving plaque progression through an autocrine or paracrine mechanism (see refs. 11 and 12). However, in our hands, the levels of GM-CSF in culture medium (both at baseline and after stimulation with oxidized LDL and other proatherogenic cytokines and chemokines) and in frozen sections of actual lesions was below the level of detection by RIA and in situ hybridization.
The modest reduction of total and non-HDL cholesterol in apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ compared with apoE Ϫ/Ϫ p110␥ ϩ/ϩ mice at the very late time point of 60 weeks is intriguing but unlikely to have played a major role in the attenuation of plaque size in p110␥ Ϫ/Ϫ mice because the greatest difference in plaque size occurred at 35 weeks, when cholesterol levels were similar. That cholesterol bound to atherogenic (non-HDL) lipoproteins as well as total cholesterol was reduced in apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice at 60 weeks of age implies a (late-appearing) reduction of cholesterol absorption or biosynthesis as result of p110␥ deficiency rather than increased elimination. It is unlikely that increased reverse cholesterol transport was responsible for reduced atherogenesis in apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice because an increased level of HDL cholesterol in apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice would be expected if this were the case.
The complete absence of immunohistochemically detectable Akt activation and of PI3-kinase-dependent phosphorylation of downstream effector molecules in cells of atherosclerotic lesions from apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice was unexpected because p110␥ is only one of several agonist-activated (class I) isoforms of PI3-kinase found in inflammatory cells. Deletion of the p110␥ gene alone was sufficient to abrogate all detectable PI3-kinase/Akt activation as well as PI3-kinase-dependent phosphorylation of downstream effector molecules FKHR, AFX, GSK3, p70 S6kinase , S6 ribosomal protein, and PKC within the context of atherosclerotic lesions in apoE Ϫ/Ϫ mice. This remarkable phenomenon was associated with a significant reduction of atherosclerotic lesion size. In the present study, we demonstrated an absolute requirement for p110␥ in Akt activation in cultured BMDMs in response to many of the agonists, chemokines, and inflammatory mediators commonly implicated in atherogenesis. This finding lends strong support for the critical role of p110␥ in atherosclerosis progression and may in part explain the absence of Akt activation in lesions from apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice. Oxidative stress in general, and oxidatively modified lipoproteins in particular, play a major role in driving atherosclerotic plaque progression. Here we have demonstrated that oxidized LDL is a potent macrophage agonist, inducing PI3-kinase/Akt activation, and that this activation requires p110␥. Because activation of inflammatory cells results in stimulation of respiratory burst and generation of oxygen-derived free radicals, the interaction of oxidatively modified lipoproteins with plaque macrophages can be expected to result in cellular activation, generation of oxygen-derived free radicals, increased formation of oxidatively modified lipoproteins, and so on in a selfreinforcing process of feed-forward stimulation. Because p110␥-deficient inflammatory cells are severely impaired in their ability to generate superoxide in response to chemokines and other agonists (6) (7) (8) , it is likely that deficiency (or inhibition) of p110␥ in vivo would abrogate this process, reducing oxidative stress within the atherosclerotic plaque, reducing lesion size, and possibly increasing plaque stability.
Although plaque rupture occurs only sporadically in the commonly studied mouse models of atherosclerosis, including in the apoE-deficient mice used in the present study, the possibility that inhibition of PI3-kinase in atherosclerotic lesions might affect plaque stability (in addition to retarding plaque progression) is clinically relevant. Inherent in the unstable plaque is a higher propensity to rupture, thereby causing acute thrombotic occlusion of arteries that leads to clinical syndromes such as myocardial infarction and stroke (26) . Oxidative stress within atherosclerotic lesions, a potential contributor to plaque destabilization (27) (28) (29) , should decline in the absence of p110␥, given the markedly reduced respiratory burst seen in p110␥-null inflammatory cells (6) (7) (8) . Here we have demonstrated that angiotensin II signaling, which contributes to oxidative stress, plaque progression, and plaque destabilization (30, 31) , is markedly attenuated in p110␥-null macrophages.
Until recently, exploitation of PI3-kinase as a target for preventative or therapeutic intervention in the numerous disease processes in which it has been implicated has been hampered by the lack of isoform-specificity of the available inhibitors such as wortmannin and LY294002. In marked contrast to these nonspecific but widely used inhibitors, AS605240, a recently described thiazolidinedione derivative that is an ATP-competitive inhibitor of p110␥ with a k i of 0.0078 M, displays 30-fold higher potency against p110␥ in vitro compared with the other PI3-kinases. AS605240 has been shown to block glomerulonephritis in a mouse model of systemic lupus erythematosus as well as joint inflammation in a mouse model of rheumatoid arthritis (32, 33) . It would be of interest to test this, or related compounds, for potential antiatherogenic activity in LDL receptor-or apoE knockout mice.
In summary, the present study shows that p110␥ is required for Akt activation in macrophages in response to oxidized LDL, atherogenic chemokines, and angiotensin II in vitro and in atherosclerotic lesions of hypercholesterolemic mice in vivo, and that loss of p110␥ results in reduced lesion size. Moreover, it provides evidence to support the possibility that inhibition of p110␥ could also stabilize atherosclerotic plaques. Mice lacking p110␥ or expressing in its place a catalytically inactive mutant display normal viability, fertility, and longevity despite the presence of specific defects in inflammatory and immune cell development and activation (6) (7) (8) 34) . In light of the well tolerated nature of these defects, p110␥ is a potential target for a drug that could be distributed systemically yet maintain a high therapeutic index. Pharmacologic suppression of inflammatory and immune responses is a cornerstone for the treatment of a wide variety of conditions such as rheumatoid arthritis, multiple sclerosis, Crohn's disease, and organ transplant rejection. Our findings provide a compelling rationale for extending such an approach to the prevention and treatment of atherosclerotic cardiovascular disease.
Methods
Mice. Mice were handled in accordance with guidelines of the Beth Israel Deaconess Medical Center Institutional Animal Care and Use Committee. ApoE Ϫ/Ϫ mice (C57BL/6J) were obtained from The Jackson Laboratory (Bar Harbor, ME). p110␥ Ϫ/Ϫ mice (C57BL/6J) were generated as described previously (7) . Both lines of mice had previously been backcrossed onto a C57BL/6 background for Ͼ12 generations. Mice consuming standard laboratory chow (Harlan Teklad F6 Rodent Diet) containing 6% crude fat were killed at various time points from 22 to 60 weeks of age. Aortas were removed en bloc, and cryosections of the aortic root were obtained at the level of the aortic valve and sinuses of Valsalva. The cryosections were stained for lipid content with oil-red-O and for immunoperoxidase with antibodies against macrophages (Mac-3), smooth muscle cells (␣-actin), and T lymphocytes (CD4), as well as for Akt phosphoSer 473 .
Measurement of Cholesterol and Triglycerides. Serum was separated from erythrocytes by centrifugation at 1,100 ϫ g at 4°C and assayed for total cholesterol, HDL cholesterol, and triglycerides on a Hitachi 911 automated analyzer (Roche Diagnostics, Indianapolis, IN) by using enzymatic methods (35) . The assays are standardized through the Lipid Standardization Program of the Centers for Disease Control (Atlanta, GA). Non-HDL cholesterol was computed as the difference between total and HDL cholesterol.
Lipoprotein Purification and Oxidation. LDL, HDL, very LDL, and very HDL were isolated by preparative ultracentrifugation from human blood plasma according to the method of Hatch (36) and used within 2 weeks of purification. Oxidation of LDL was performed by incubation of LDL in PBS at a concentration of 5 mg/ml (total protein) with 5 M CuSO 4 at 37°C for 24 h. Native and oxidized LDL were preserved with 1 mM EDTA and 0.01% sodium azide and stored at 0°C in tightly sealed tubes under nitrogen gas to minimize further oxidation.
Analysis of BMDMs.
Femurs from 1-month-old mice were harvested after pheonobarbital-induced killing. Marrow was flushed out with DMEM and cultured in DMEM containing 10% FBS and 20% L cell-conditioned medium, which supports monocyte/macrophage proliferation as a result of M-CSF secreted by L cells. Cells were incubated overnight in bacterial Petri dishes, and nonadherent cells were collected and passaged for further culture. Adherent cells were replated the next day at a density of 5 ϫ 10 5 cells per well in 60-mm tissue culture plates. After overnight serum starvation, cells were exposed to agonists with or without pretreatment (20 min) in 20 nM wortmannin.
Western Blot Analysis of PI3-Kinase Activation. The primary antibody, rabbit polyclonal anti-phosphoAkt (Ser 473 ) (Cell Signaling Technology, Danvers, MA), detects Akt only when Akt is phosphorylated on serine in position 473. Phosphorylation of this residue is wortmannin-sensitive and PI3-kinase-dependent. Total Akt was detected with a rabbit polyclonal Akt (Cell Signaling Technology) that recognizes all phosphorylation states of Akt.
Analysis and Quantification of Aortic Atherosclerosis. Double knockout and littermate control mice were killed at various time points to quantify early (nascent) and late (advanced) atherosclerotic lesions as described previously (37) . Because our hypothesis was that reduced reactivity of inflammatory cells deficient in p110␥ to atherogenic agonists and chemokines should result in attenuation of atherosclerosis in apoE knockout mice, and p110␥ ϩ/ϩ and p110␥ ϩ/Ϫ macrophages displayed similar Akt activation in response to these agonists/chemokines, we pooled results from apoE Ϫ/Ϫ p110␥ ϩ/ϩ and apoE Ϫ/Ϫ p110␥ ϩ/Ϫ mice. The mice included in a quantitative analysis of aortic root atherosclerosis were all females. Qualitatively similar results were obtained when male animals were analyzed. Similarly, immunohistochemical findings with phosphospecific antibody staining of aortic root lesions from apoE Ϫ/Ϫ p110␥ ϩ/ϩ and apoE Ϫ/Ϫ p110␥ ϩ/Ϫ mice were identical.
Immunohistochemistry. Histopathological and immunohistochemical analysis was performed on serial cryostat sections (6 m) counterstained with hematoxylin as described previously (38) . Antibodies against phosphoAkt Ser 473 (IHC-specific), Akt, FKHR, phosphoFKHR, phosphoAFX, phosphoGSK3␣/␤, phosphoPKC, phosphop70 S6kinase , and phosphoS6 ribosomal protein were obtained from Cell Signaling Technology and used at a dilution of 1:100. Mac-3, CD4, and smooth muscle actin antibodies were obtained from BD Biosciences (San Jose, CA) and used at dilutions of 1:1,000, 1:200, and 1:1,000, respectively.
Statistical Analysis. Student's two-tailed t test was used to determine the statistical significance of differences in serum lipoprotein/triglyceride levels and aortic root atherosclerosis between apoE Ϫ/Ϫ p110␥ ϩ/ϩ or apoE Ϫ/Ϫ p110␥ ϩ/Ϫ mice and age-matched apoE Ϫ/Ϫ p110␥ Ϫ/Ϫ mice.
